were recorded from the IMU positioned on the shin during all exercise performance conditions. Maximum and minimum acceleration and angular velocity (in X, Y, Z) and the range of each were calculated for each condition. A paired t test was used to analyse whether there was a difference in the IMU parameters between the different exercise conditions. Joint range of motion at the hip, knee and ankle were calculated using data derived from a marker based motion analysis system in order to confirm that expected deviations had occurred. The data presented has revealed that a single IMU can be used to identify the conditions of poor technique during five of the seven exercises studied. This investigation provides preliminary evidence to suggest that one IMU placed on the shin can be used to identify poor technique during seven common rehabilitation exercises, however pattern recognition techniques must be developed in order to facilitate objective real time performance measurement and feedback.
INTRODUCTION
Exercise therapy has long been prescribed to patients as part of their rehabilitation following orthopaedic surgery. However, poor exercise technique can often result in poor outcomes for these patients and delay their return to full function. Exercise biofeedback offers a potential solution. Biofeedback has been used for more than fifty years in rehabilitation to facilitate normal movement patterns after injury [I] . It provides real-time information to patients through auditory, visual or haptic signals. Providing patients and indeed clinicians with biofeedback during exercise can have significant therapeutic effects. It can provide feedback on exercise accuracy, allowing patients to adjust their movements to the correct position during rehabilitation without the need for a clinician to be present. In addition, biofeedback may provide an incentive to exercise and therefore may be used to 49 help overcome the problem of poor adherence to an exercise programme [2] .
Virtually any physiological activity that can be measured can act as feedback during exercise. Biofeedback of balance and gait symmetry can be delivered using force platforms and optical motion capture systems can be used to deliver kinematic biofeedback. While these systems provide a high degree of accuracy they are generally restricted to a laboratory environment due to their expense and the elaborate set up required. If biofeedback applications are to be accepted into clinical practice they must prove effective both in terms of outcome and cost. In addition user friendly biofeedback systems which require minimal set up should be implemented in order to improve exercise programme adherence.
Inertial measurement units (IMUs) have been used to examine and quantify human movements. They are relatively inexpensive, easy to use and are not restricted to a laboratory environment. IMUs are also small and unobtrusive, therefore allowing unrestricted measurement of human movement. Accelerometer-based systems have been used to examine basic temporospatial gait parameters, shock attenuation, and segmental accelerations of the body during gait [3] .
IMUs have also been investigated as biofeedback tools. A number of researchers have investigated the role of inertial based sensing biofeedback in balance training. Reference [4] used gyroscopes to provide biofeedback of angular trunk displacement during static and dynamic balance training in both healthy community-dwelling older adults and healthy young adults. Reference [5] also examined the effects of a gyroscopic biofeedback system on trunk sway during dual tasking (performing a cognitive and a motor task) while walking. Reference [6, 7] evaluated the effectiveness of using an audio biofeedback system based on accelerometric sensors for improving postural stability and balance in healthy subjects and in patients with bilateral vestibular loss. correct neck posture in computer users. Reference [9] found that real-time visual feedback from an accelerometer could be used to achieve immediate reductions in tibial acceleration and vertical-force loading rates and thus reducing that individual's risk of a stress fracture.
Recent work has also evaluated the efficacy of IMUs as a means of assessing the quality of exercise performance. Reference [10] used five body worn accelerometers to evaluate exercise performance during lower limb exercises performed by healthy college students. This study presented a classifier (AdaBoost) that was able to distinguish correct from incorrect performance of the three exercises studied. This classifier demonstrated high specificity and sensitivity; however this system was not able to detect multiple errors at once. More recently, the same authors [11] evaluated the use of multi label classifiers to assess exercise performance in patients with knee osteoarthritis. Similar to the earlier report, five sensor nodes were used in this study, however this time each contained a tri-axial gyroscope as well as a tri-axial accelerometer. The classifiers used in this study showed high accuracy, sensitivity and specificity in detecting errors that can occur during the two lower limb exercises studied. [12] evaluated data obtained from three IMUs positioned at the hip, knee and ankle to estimate joint angles during rehabilitation exercises. This was a larger scale study than the two previously mentioned studies, including twenty young, healthy, adult participants. Joint angles were estimated from the IMU data using a kinematic model and an extended Kalman filter. The algorithm used was tested against motion capture data obtained during the exercises. This study found that the algorithm used can accurately estimate joint angles during lower limb exercises, however the quality of exercise performance was not classified.
These three studies relied on data obtained from multiple IMUs to quantify exercise performance. However, using multiple IMUs can be cwnbersome and time consuming to set up. Minimising the number of IMUs required to deliver biofeedback, reduces the set up time required and thus may improve adherence. [13] assessed the feasibility of using a single accelerometer to monitor the movements of healthy elderly participants in an unsupervised home setting and found high compliance rates over a two-three month period. Reducing the number of IMUs required is also a more cost effective option for the user.
A number of studies have looked at the use of a single IMU to classify activities [14] [15] . More recently the effectiveness of providing biofeedback of lower limb exercise performance from a single IMU has been evaluated [16] [17] [18] . While the results of these reports are encouraging, it has yet to be established whether a single IMU is capable of identifying poor exercise technique during lower limb exercises, particularly during exercises involving mUltiple limb segments and planes of movement. This study sought to provide a preliminary perspective on this area by investigating whether a 50 single IMU placed on the shin can identify common deviations from correct technique in seven common lower limb exercises that involve movement of three limb segments.
II.

METHODOLOGY
This study was conducted to determine whether a single IMU can discriminate between different levels of exercise performance and identify poor exercise technique. IMU data were acquired while each participant performed seven exercises with correct technique and correct biomechanical alignment. IMU data were then acquired while the same exercises were performed with poor technique or commonly observed deviations from correct technique and biomechanical alignment. In order to confirm that the planned deviations had occurred simultaneous measurement with a marker based motion capture system was used.
A. Participants
Nine healthy volunteers (five male, four female, age: 26.3 ± 6.7 years, height: l.77 ± 0.08m, weight: 73.4 ± 8.7 kg) participated in this investigation. They had no past history of neurological or musculoskeletal disease, no lower limb fractures or condition that would impair their performance during lower limb exercises. Each participant signed a consent form prior to participation in the study and the study protocol was approved by the University Human Research Ethics Committee review board. Table 1 outlines the exercises studied and details how each exercise is performed. The exercises studied were; heel slide exercise, straight leg raise exercise, inner range quadriceps exercise, knee extension in sitting exercise, hip abduction in standing exercise, hip flexion in standing exercise and hip extension in standing exercise. These exercises were adapted from the Total Hip Replacement Exercise Guide of the American Academy of Orthopaedic Surgeons [19] . While they are relatively simple exercises to perform they are frequently performed incorrectly by patients when not supervised. This study sought to investigate whether a single IMU is capable of identifying deviations in exercise technique during these seven lower limb exercises. In order to identify the deviations that commonly occur during these exercises a questionnaire was distributed among a panel of expert physiotherapists. The commonly occurring deviations that were indentified by the panel of physiotherapists are outlined in table 1. Each deviation was examined in this study.
B. Exercises
C. Experimental Procedures
The participants were instructed to wear a pair of shorts and a light t-shirt during the testing procedure to allow for placement and identification of the testing apparatus. Inertial sensor data were acquired using a single IMU (SHIMMER, Shimmer research, Dublin, Ireland) secured to the participant's right shin using a Velcro strap garment with an elasticised pouch in which a sensor was placed (Fig. 1 ). This sensor placement was selected based on a clinical judgement of the sensor location that would most likely identify deviations. The orientation and location of the IMU was consistent for all study participants. The IMU is 5.3cm x 3.2cm x 1.5cm, weighs 15 grams and is unobtrusive, thus not hindering movement. The IMU contained both a tri-axial accelerometer and a tri-axial gyroscope sampling at 100 Hz. Data were acquired in real time using a custom-built application for an android phone.
The Cartesian Optoelectronic Dynamic Anthropometer (CODA) motion capture system (Charnwood Dynamics, Leicestershire, UK) was also used to acquire kinematic data during the exercise. This data was used to confIrm that the planned deviations had occurred. In order to calculate internal joint centres of the hip, knee and ankle joints the following anthropometric measurements were made using a calliper; pelvis width, pelvis depth, knee width and ankle width. The lengths of the thigh, shank and foot were also measured using a measuring tape. Markers were placed on each participants' right lower limb on the following anatomical landmarks: the posterior inferior lateral aspect of the heel, the lateral aspect of the fIfth metatarsal head, the anterior aspect of the lateral malleolus, and the lateral aspect of the knee joint line. Wands with anterior and posterior markers attached were positioned on the pelvis and sacrum, the thigh and the tibia. The femoral wand was aligned perpendicular to the knee joint line, while the tibial wand was aligned perpendicular to the ankle joint line. The markers and wands were fixed to the skin using double sided adhesive tape. The CODA data were collected at a sampling rate of 100 Hz.
Participants were given verbal instructions and a demonstration by a physiotherapist on how to perform each exercise with correct technique and biomechanical alignment (good). Kinematic and IMU data were collected while the participant performed the exercise five times. The first repetition was used as a practice trial and was therefore discarded from the analysis. The physiotherapist was present to determine whether the participant had performed the exercise correctly. Once each exercise had been performed with the correct technique the participant was given a short break before the exercises were repeated, this time with deviations in exercise technique. The participant was given verbal instructions and a demonstration on how to perform each exercise condition. In supine lying, the exercise is performed by flexing the hip and knee to slide the foot closer to the ipsi-lateral hip.
ShimmerlMU
In supine lying, the exercise is performed by flexing the hip lifting the leg off the supporting surface while keeping the knee in full extension.
A roll/wedge is placed under the knee to be exercised. The exercise is performed by contracting the quadriceps femoris muscle to bring the knee from a position of slight flexion into full extension.
In sitting, with upper thigh supported on the chair, the exercise is performed by contracting the quadriceps femoris muscle to bring the knee from a position of flexion into full extension.
In standing, the exercise is performed by lifting the leg out to the side.
In standing, the exercise is performed by lifting the leg forwards out in front of the body.
In standing, the exercise is performed by lifting the leg backwards out behind the body. The following parameters were obtained from the IMU for analysis; maximwn and minimwn acceleration (accel) in X, Y, Z and maximum and minimum angular velocity (gyro) in X, Y, Z. The range of acceleration and angular velocity was then calculated from the maximum and minimum values. The mean and standard deviation (SD) of each were calculated. Joint range of motion (ROM) at the hip (sagittal, transverse and frontal plane ROM), knee (sagittal plane ROM) and ankle (sagittal plane ROM) were obtained from the CODA motion capture system for analysis. The mean and standard deviation (SD) of each were calculated.
Deviation (s)
A paired t test was used to analyse whether there was a difference in the IMU parameters between the different exercise conditions. A paired t test was also used to determine whether there was a difference in the joint ROM variables obtained from the CODA motion capture system between the different exercise conditions. A P value < 0.05 was considered statistically significant. Where more than two conditions were compared, a Bonferroni adjusted significance level was used (p = 0.0167) to reduce the chance of type 1 error. Table 2 outlines the kinematic data obtained from the CODA motion capture system. The data presented is the data used to confirm that the expected displacements had occurred during each exercise condition. While differences were observed in the joint ROM variables between the exercise conditions, significant differences were not observed between every condition. Table 3 outlines the acceleration (meters per second squared (m/s 2 )) and angular velocity (radians per second (rad/s)) range for each exercise performed with correct exercise technique and with the deviations studied.
III. RESULTS
For the heel slide exercise, three IMU parameters (acceleration x and angular velocity y and z) were able to identify when the external rotation at the hip deviation occurred (p < 0.05). In figure 2 angular velocity (y) during the heel slide exercise for all nine participants is shown to demonstrate the difference between correct performance of the exercise and the external rotation condition.
Two deviations were studied for the straight leg raise exercise; flexion at the knee and plantarflexion at the ankle. There was a significant difference (p < 0.167) in acceleration (y and z) and angular velocity (x) between the condition of correct exercise technique and the condition where the exercise was performed with flexion occurring at the knee. For the ankle plantarflexion condition, there was a significant difference (p =0.002) in acceleration (y) between the condition of correct exercise technique and the ankle plantarflexion condition. There were no significant differences observed between the knee flexion and ankle plantarflexion conditions. For the inner range quadriceps extension exercise, two deviations were compared (thigh lifts from support and ankle plantarflexion) to the correct exercise technique condition. No significant differences (p > 0.0167) in acceleration nor angular velocity were observed between all three conditions. The knee extension exercise was performed with correct technique and a reduced range of knee extension motion. Significant differences (p < 0.05) in acceleration (y and z) were observed between the two conditions. Two deviations (hip flexion and trunk lateral flexion) were examined for the hip abduction exercise. For the hip flexion condition, significant differences were observed in acceleration y (p = 0.01) and angular velocity x (p = 0.005) between this condition of poor technique and the correct exercise technique condition. Comparing the trunk lateral flexion deviation and the correct exercise technique condition significant differences were observed in acceleration y (p = 0.007). No differences were observed between the hip flexion deviation and the trunk lateral flexion deviation. The hip flexion exercise was performed with correct exercise technique and with the incorrect technique condition of trunk flexion. No significant differences were observed between these two conditions for any IMU parameter.
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Correct performance of the hip extension exercise was compared to two deviations; flexion at the knee and flexion of the trunk. Comparing correct technique with the knee flexion deviation, significant differences (p < 0.0167) were displayed in acceleration (x, y, z) and angular velocity (x, y and z) . Comparing correct technique with the trunk flexion condition, significant differences (p < 0.0167) were observed in acceleration y and z. Comparing the two deviations studied, significant differences were observed for acceleration y (p = 0.003), acceleration z (p = 0.001) and angular velocity z (p = 0.002). Figure 3 outlines angular velocity in z for the hip extension exercise. While variability is seen between participants the trend for the three exercise performance conditions is consistent for all participants.
Hip Extension
Gyro Z (rad/s)
Good
Knee Fix Trunk Fix 
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IV. DISCUSSION
This study sought to investigate whether a single IMU placed on the shin is able to discriminate between different levels of exercise performance and identify deviations in exercise technique. The analysis performed in this study found that a single IMU can identify these deviations during five of the seven exercises studied. This study provides preliminary evidence to support the use of a single IMU as an input to a biofeedback tool.
Providing patients with biofeedback during exercise may have significant therapeutic effects. Delivering feedback on the accuracy of an exercise, will allow patients to correct their movements in real-time, without the need for a clinician to be present. In addition, providing patients with biofeedback may give them an incentive to exercise and therefore may be used to overcome the problem of poor adherence to an exercise programme. Improving exercise technique and adherence to an exercise programme may result in better outcomes for patients from rehabilitation. Biofeedback has been used for many years in rehabilitation, however, unlike traditional biofeedback methods, using an IMU to provide biofeedback is a relatively inexpensive method. Therefore, it is practical for use in the home environment.
The value of using IMUs to evaluate gross human motions such as gait and to monitor physical activity is widely recognised [20] [21] [22] . However quantifying the quality of exercise performance with inertial sensors is a relatively new area of research. Three recent studies [10-12] have described methods for assessing performance using IMU data obtained during lower limb exercises. Multiple sensors were used in these investigations, which is neither convenient nor feasible for home use. This current report is the first to our knowledge, to evaluate exercise performance using a single IMU. Using a single IMU, minimises the set up time required and therefore may be suitable for use in the home environment.
In this investigation, both acceleration and angular velocity in three planes of movement were obtained from the IMU for analysis. These features were able to identify deviations in exercise technique in five out of the seven exercises studied. However these parameters could not distinguish when trunk flexion occurred during the hip flexion exercise nor when the inner range quadriceps exercise was performed with two deviations in exercise technique (thigh lifts from support and ankle plantarflexion). Obtaining further IMU parameters, such as pitch, roll and yaw may have indentified these deviations.
The location at which the IMU is placed on the body is also an important consideration in the measurement of body movement. IMUs are normally attached to the ankle and shank to study leg movements [21] . This current investigation examined IMU data acquired from a single IMU located on the shin. Future work should examine different sensor locations on the lower limb.
This study has a number of limitations which need to be considered. This study only examined deviations in exercise technique that were identified by a panel of expert physiotherapists. A number of other deviations may occur in reality. This study also only examined seven simple exercises that are used in rehabilitation. Future studies should examine more complex exercises such as a lunge or squat exercise.
While this work is encouraging, future work is required. The accuracy of this method of detecting deviations in exercise performance needs to be established. Pattern recognition techniques must then be developed in order to facilitate objective real-time performance measurement and feedback. Extending the identification of exercise performance, from superficial analysis to a machine learning task would therefore be the next logical step. Models such as Neural Networks, Support Vector Machines or Decision Trees could be trained, using samples of different performance conditions, to automatically classify exercise performance. Therefore, much further work is required to develop this work into an objective pattern recognition technique as relying on the superficial analysis presented in this preliminary investigation would not be justified. Nevertheless the superficial analysis performed here provides preliminary evidence to suggest that a single IMU on the shin can be used to identify a number of deviations during exercise.
